Carotenoids and their apocarotenoid derivatives play essential physiological and developmental roles and provide plants tolerance to a variety of stresses. Carotenoid cleavage dioxygenases mediate the degradation of carotenoids to apocarotenoids. A better understanding of biosynthesis vs. degradation could be useful for controlling carotenoid levels leading to improved plant fitness and/or enhanced content of nutritionally valuable carotenoids. The Poaceae (grass) plant family contains many crops of agronomic value. Therefore this study focused on characterizing the carotenoid dioxygenase gene family in the grass species maize, rice, and sorghum with comparison made to newly identified gene families in two non-seed plants as well as an alga and previously identified eudicot genes. Genome analysis was used to map grass genes encoding the carotenoid dioxygenases to chromosome locations. Sequences of encoded proteins were phylogenetically compared. CCD8b was identified as a new class of cleavage dioxygenases that may play a specialized role in apocarotenoid biogenesis. A simple PCR assay was developed to measure CCD1 gene copy number which is known to vary in maize. Using a panel of maize inbred lines varying in carotenoid content, linear regression analysis revealed a statistically significant negative correlation between copy number of CCD1 and carotenoid content, an effect likely mediated through the resulting elevated levels of endosperm CCD1 transcripts in high copy number lines. The PCR assay adds to a growing toolbox for metabolic engineering of maize endosperm carotenoids. This new tool can be used to select maize lines that are less likely to promote endosperm carotenoid degradation, thus predicting optimal results in metabolic engineering of endosperm provitamin A and/or nonprovitamin A carotenoids.
Introduction
In nature, carotenoids have diverse functions in both plants and animals. In plants, algae and cyanobacteria, carotenoids serve as structural and accessory pigments within the light harvesting complex to mediate photosynthesis and photoprotection. Carotenoids are also enzymatically cleaved to produce apocarotenoids, such as strigolactones, abscisic acid (ABA) 1 and other volatile compounds that contribute to the aroma of fruits and flowers [reviewed in [1] [2] [3] . Apocarotenoids play numerous physiological roles, including control of plant architecture, dormancy and stress responses and signals attracting beneficial mycorrhizal fungi that aid in nutrient uptake and promote plant growth. These same signals are utilized by harmful parasitic plants (e.g. Striga) that compete for plant resources [reviewed in 4] . The primary route in the formation of biologically active apocarotenoids is oxidative cleavage of carotenoids mediated by carotenoid dioxygenases [5, 6] . Two types of carotenoid dioxygenases have been identified in plants, 9 -cis carotenoid cleavage dioxygenases (NCEDs) and carotenoid cleavage dioxygenases (CCDs) (Fig. 1 ). These enzymes were identified by analyzing viviparous (vp) mutants of maize, which led to cloning of maize NCED1 (Vp14) [7] . NCED enzymes cleave the 11,12 (11 0 ,12 0 ) double bond of 9-cis-violaxanthin or 9-cis-neoxanthin, catalyzing the first step in ABA biosynthesis [7, 8] . In contrast, CCD enzymes do not share cleavage specificity with NCED enzymes. Some CCD enzymes recognize specific carotenoid or apocarotenoid substrates while others show promiscuity in choice of substrate as evidenced in heterologous systems [reviewed in 6, [9] [10] [11] . CCD4 enzymes cleave b-carotene and/or 8 0 -apo-b-caroten-8-al, although there is no consistent CCD4 substrate among taxa, except for regioselectivity of cleavage at the 9,10 (9 0 ,10 0 ) positions [11, 12] . In comparison, maize CCD1 has been shown in vitro to cleave a wide range of substrates (e.g. lycopene, b-carotene, zeaxanthin, etc.) and like other CCD1 enzymes, it is not regioselective in cleavage site [9, 10, 13] . CCD7 cleaves b-carotene asymmetrically, producing one b-ionone and C 27 10 0 -apo-b-carotenal; the latter product can be further cleaved by CCD8 generating C 18 13 0 -apo-b-carotenal [14] or CCD1 generating another b-ionone and one apo-10,10 0 -carotendial [13] . Plant CCD enzymes generate various phytohormones and aroma compounds, although the cleavage pathways in plants are poorly understood. For example, CCD1 expression causes the notable emission of diverse volatiles characteristic of fruit and flowers [15, 16] . From studies in Arabidopsis, peas and rice, CCD7 and CCD8 were shown to be involved in generating the branching inhibition strigolactone hormones formed in roots [17] [18] [19] [20] . These hormones signal symbiotic mycorrhizal fungal hyphae to branch and associate with plant roots or can be transported to aerial parts of the plant to inhibit branching or tillering of the plant, an important agronomic trait in the grasses [21] .
Carotenoid dioxygenase genes have been identified in various plant species [22] . In the complete genome of Arabidopsis, nine genes similar to VP14 were identified and characterized with regard to their tissue specific expression pattern and predicted subcellular localization [23] [24] [25] . Five genes encoding NCEDs are involved in ABA biosynthesis, while the remaining four genes encode CCDs.
Less is known about carotenoid cleavage enzymes in crops of agronomic importance. This enzyme class may potentially influence nutritional content (e.g. provitamin A carotenoids) and plant yield. The Poaceae includes the major food crops, for which carotenoid content is a target for improvement [reviewed in 26, 27] . Efforts to engineer carotenoid accumulation in the grasses involve control of factors that influence net carotenoid accumulation, a balance of synthesis and degradation. Recent studies have shed light on the timing of expression and control points affecting pathway flux for carotenoid biosynthesis and accumulation in endosperm of maize [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Although there are some studies on a few individual cleavage enzymes, carotenoid degradation in the grasses is not well understood. This deficiency in knowledge will undoubtedly stymie attempts to breed high levels of carotenoids. Therefore this study focused on identifying and characterizing the entire carotenoid dioxygenase gene family in maize, rice, and sorghum.
Materials and methods

Sequence analysis and chromosome map localization
Rice genes (www.gramene.org) were used as a query to identify orthologs from Zea mays (www.tigr.org; www.plantgdb.org) and to decipher gene families. The genomic sequence, obtained from the respective BAC clones (Table 1) , was used to deduce the full length cDNA sequence. The exon-intron boundaries were confirmed through selected ESTs, where available. Sequence analysis was performed using Vector NTI Suite 9.0 (Invitrogen, Carlsbad, CA). Translation of expressed sequence tags (ESTs) was used to distinguish gene paralogs. Chromosomal positions of genes in the Z. mays B73 inbred line were localized either by utilizing tools available at WebAGCoL package (http://www.agcol.arizona.edu/software/ webagcol/) [37] or Maize GDB. Prediction of chloroplast targeting site was made using the ChloroP software (http://www.cbs.dtu.dk/ services/ChloroP/) [38] and pSORT (http://wolfpsort.org/). Phytozome (http://www.phytozome.org) was used to retrieve sequences from Sorghum bicolor and all nonflowering plant and algal sequences. Phylogenetic analysis was performed using MEGA2 [39] . Deduced open reading frames and predicted proteins are presented in Tables S1 and S2, respectively.
Quantitative RT-PCR
Plants and tissues of different maize inbreds in a core subset of a maize germplasm collection were collected as described [29] . Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen Sciences, Maryland), and DNase I-treated (Invitrogen, Carlsbad, CA) prior to first strand cDNA synthesis using oligo (dT) as a primer and SuperscriptTM III RT (Invitrogen, Carlsbad, CA). One microliters of 50 lM oligo (dT) 20 and 1 ll of 10 mM dNTP mix were mixed with 8 ll of DNase I treated total RNA ($1 lg) and incubated at 65°C for [47] . Zeaxanthin cleavage dioxygenase, ZCD (Crocus sativus) [50] ; lycopene cleavage dioxygenase, LCD (Bixa orellana) [5] . Formation of abscisic acid is mediated by 9-cisepoxy carotenoid dioxygenases (NCED) [8] . CCD activity in mycorrhizal maize roots leads to formation of apocarotenoids mycorradicin and blumenin [22, 51] ; the hypothetical lutein substrate is indicated in square parentheses. CCD7 and CCD8 participate sequentially as shown [5] . at 37°C. cDNA samples were amplified using gene specific primers (Table S3 ) on the MyIQ Single-Color Real-Time PCR detection system (Bio-Rad, Hercules, CA), using iQTM SYBR Green Supermix (Bio-Rad, Hercules, CA). Two microliters (5 ng/ll) of cDNA; 15 ll of 2Â iQTM SYBR Green Supermix; 11 ll of nuclease-free water; 1 ll (20 qm/ ll) of each primer were used in a 30 ll reaction volume. Thermal cycling conditions included an initial incubation at 94°C for 10 s, followed by 35 cycles of 95°C for 10 s, 58°C for 35 s, and 72°C 10 s. Melt curve analysis was performed to verify primer specificity, and PCR products were confirmed by sequencing. The relative quantity of the transcripts was calculated by using the comparative threshold cycle (CT) method. Actin mRNA was amplified simultaneously for normalization between samples. Values are expressed as the mean of three RT-PCR replicates ±standard deviation.
Relative quantification of gene copy number
Genomic DNA was quantified using the NanoDrop 1000 (Thermo-Scientific) and diluted to 10 ng/ll. Reactions for quantitative real-time PCR were prepared as follows: the 30 ll reaction volume contained 15 ll Sybr Green master mix (Bio-Rad, CA), 1 ll (20 qmol/ll) of each primer (Table S1 ), 11 ll of water and 2 ll (10 ng/ll) of template. Amplifications were performed in a BioRad-iCycler real-time PCR machine. Thermal cycling conditions included an initial incubation at 94°C for 10 s, followed by 35 cycles of 95°C for 10 s, 58°C for 35 s, and 72°C 10 s. Both control phytoene desaturase (PDS) and target carotenoid cleavage1 (CCD1) genes were amplified from each sample to calculate DCt (DCt = Control Ct À Target Ct) values. PDS, a single copy gene in the maize genome, was used to normalize values for copy number. All samples were run in triplicate and standard deviation was calculated. Relative quantification of gene copy number (2
DCt
) was used to plot against total carotenoid content of each sample using available data on carotenoids from different maize inbred lines [33] .
Statistical analyses
Pearson correlation analysis of transcript and carotenoid composition of different maize inbred lines in a core subset of a maize germplasm collection [29] and linear regression plot for gene copy number vs. total carotenoid content was performed using JMP v. 5.1.2 (SAS Institute, Cary, NC) to test the statistical significance (p 6 0.05) of the relationship.
Results and discussion
Carotenoid dioxygenase gene family in the grasses
Using available sequence data, genes encoding carotenoid dioxygenases were identified from the grass species maize, rice and Table 1 Summary of carotenoid cleavage dioxygenase gene families. For maize genes, information is provided for chromosome location (Map); sizes of genomic DNA, cDNA, and open reading frame (ORF) are given in base pairs. Genomic DNA sequence covers from ATG to stop codon. The predicted cDNA sequences starts from predicted transcription start site to poly-A signal. For maize protein information, number of amino acid residues is given for the mature protein (M) and TP (transit peptide). Loc, predicted cellular location; P, plastid and C, cytosolic. Pre/pI, preprotein (MW in kD)/isolectric point; M/pI, predicted mature protein (MW in kD)/isoelectric point. Rice genes (www.gramene.org) were used as a query to identify orthologs from Zea mays (www.tigr.org; www.plantgdb.org; www.maizesequence.org) and to decipher gene families. Phytozome (http://www.phytozome.org) was used to retrieve sequences from Sorghum bicolor and all nonflowering plant and algal sequences. 
a Predicted. b Partial; NA = no specific EST to a paralog.
sorghum, and from an alga (Chlamydomonas reinhardtii) and two non-seed plants (Selaginella moellendorffii, a lycophyte and Physcomitrella patens, a bryophyte) (Tables 1 and 2 ; Fig. 2 ). Genes were characterized and named according to homology with genes from Arabidopsis [23] . For the three species spanning two subfamilies of the Poaceae, carotenoid dioxygenases were found to be encoded by a large gene family. This family was divided into seven groups encompassing two clades having homology to genes encoding 9-cis-epoxy carotenoid cleavage dioxygenases (NCEDs) and five clades having homology to carotenoid cleavage dioxygneases (CCDs). Table 1 summarizes the structural properties of the genes and encoded proteins from maize, sorghum and rice. The alignment of the predicted proteins from maize is shown in Fig. S1 . The amino acid sequences of carotenoid dioxygenases reveal the presence of four conserved histidines that coordinate iron atoms and are required for catalytic activity [8, 40, 41] . All maize cleavage dioxygenases are predicted to be plastid-localized except for CCD1, as previously reported [42] . Chromosome location was determined (Table 1 ) and no apparent linkage was seen among the gene family members of maize.
As shown in Fig. 2 , the NCED genes and the CCD4-related genes of grasses lack introns, while all other CCD genes contained multiple introns. There are reports of CCD4 genes from a few plant species containing one or two introns, these include Chrysanthemum morifolium, [43] , Malus domestica and Osmanthus fragrans [11] , while others from Arabidopsis thaliana and Rosa damascena are intronless [11] . Fig. 3 shows analysis of the grass enzymes in a broader phylogenetic context including eudicots and lower plants. In the NCED clade, the phylogenetic tree shows that gene duplications arose after the monocot-eudicot evolutionary split. Based on this evidence, expression profiles in eudicots would not be predictive of NCED transcript profiles in the grasses, thus warranting further analysis in the grasses. The NCED genes identified using the recently published S. moellendorffii genome (labeled as Sm) showed sequence placement basal to all other NCEDs in the tree.
Maize and rice CCD1 enzymes cleave a wide range of carotenoid substrates without any common mechanism of cleavage regioselectivity [9, 10, 13] . Here we identified CCD1 gene homologs in the grasses along with previously unknown sequences in Selaginella (Sm) and P. patens (Ppa). CCD4 homologs were only found in the flowering plants and not in S. moellendorffii, P. patens, or C. reinhardtii. Preferential expression of CCD4 in floral organs of Chrysanthemum and Crocus [12, 43] suggests that evolution of CCD4 genes may have facilitated adaptation for specific physiological capacities unique to flowering plants. A new class of CCD genes, discovered in the phylogenetic analysis (Fig. 3) was the group containing maize CCD8b. The aligned protein sequences for CCD8-related sequences are shown in Fig. S2 (CCD8a) and Fig. S3 (CCD8b). CCD8b is phylogenetically closer to CCD1 and has a unique exon-intron structure distinguishable from the CCD8a genes (Fig. 2) . CCD8b homologs were not found in Arabidopsis. The CCD8b Table 2 Other carotenoid cleavage dioxygenase genes identified in this study. Vv, Vitis vinifera; Sm, Selaginella moellendorfii; Ppa, Physcomitrella patens; Cre, Chlamydomonas reinhardtii. Note that Physcomitrella and Chlamydomonas contain only one CCD8 gene of the CCD8a type (see Fig. 3 ).
Species
# Genes Gene Accession numbers group is not unique to the Grasses since homologs were found for a eudicot, Vitis vinifera (Vv), and the nonflowering plants and alga. Homologs of the sister group, CCD8a, have been described in Arabidopsis and other species. Mutants in the CCD8a homolog of Arabidopsis and pea (e.g. MAX4, RMS1) are known to interfere with plant development [44] . CCD8a cleaves the apocarotenoid C 27 10 0 -apo-b-carotenal generating C 18 13 0 -apo-b-carotenal [14] in formation of strigolactones, the branching inhibition hormones [19, 20] 
Grasses
Selaginella moellendorffii (Sm) Fig. 3 . Phylogenetic analysis of carotenoid cleavage dioxygenases from diverse taxa. Neighbor-joining tree was constructed using protein sequences. Zea mays, Oryza sativa, Sorghum bicolor (see Table 1 for accession numbers), Arabidopsis thaliana (AtNCED2, At4g18350; AtNCED3, At3g14440; AtNCED5, At1g30100; AtNCED6, At3g24220; AtNCED9, At1g78390; AtCCD1, At3g63520; AtCCD4, At4g19170; AtCCD7, At2g44990; AtCCD8, At4g32810), Bixa orellana (BoLCD, AJ489277); Crocus sativus (CsZCD, CAD33262, CsCCD, AJ132927; CsCCD4a, EU523662; CsCCD4b, EU523663); Sphingomonas paucimobilis (PpLSD1, S80637; PpLSD2, S65040; PpLSD3, AB073227); Homo sapiens (HsRPE65, AF039855); Pisum sativum (RMS1, AY557341); Petunia hybrida (PhCCD8, AY743219). Refer to Table 2 for genes from: Chlamydomonas reinhardtii Selaginella moellendorfii, Physcomitrella patens and Vitis vinifera. Numbers 1 and 2 indicate two distinct clusters of CCD8. Amino acid distances were corrected by Poisson correction. Numbers indicate bootstrap support for individual nodes. Bootstrap support higher than 40% is indicated at respective nodes (n = 500). Grass species enzymes are shown in black; except for Pp genes, others are grey. Black triangles represent additional gene copies shown in a compressed fashion (detailed in Table 2 ). The evolution of representative green plants is shown at the top left hand corner. ble bond to form vitamin A [45] . The CCD8b enzymes form a separate group from CCD8a suggesting that CCD8b enzymes could potentially serve a novel role unrelated to strigolactone biosynthesis. Alternatively, CCD8b genes may be duplicative in terms of enzyme activity but have alternative expression profiles or cell-type specificities. The specific enzymatic role of the CCD8b group remains elusive. The CCD8a substrate for biosynthesis of strigolactones is produced by CCD7, represented by the remaining CCD clade in the phylogenetic tree. CCD7 homologs were identified in maize (Zm), rice (Os), and sorghum (Sb), along with S. moellendorffii (Sm), P. patens (Ppa) and C. reinhardtii (Cre). To date, all CCD7 genes identified are single copy. The significance of the single gene copy of the CCD7 clade in comparison to the CCD8 clade is unknown. Homologs for CCD7 and CCD8 were also found in C. reinhardtii (Cre); interestingly this algal species lacked homologs for all other CCD and NCED genes. The CCD7 clade remained most closely related to lipoxygenase dioxygenases that are encoded by the soil bacterium Sphingomonas paucimobilis [46] .
Tissue specific distribution of dioxygenase gene transcripts
Tissue specificity was examined in the B73 maize inbred line, where transcript levels for the various NCED and CCD genes were assessed in a range of tissues including leaves, roots, endosperm and embryo, the latter two staged at 20 days after pollination (DAP) as well as 25 DAP for endosperm (Figs. 4 and 5) . This particular inbred line was chosen since it was the source of the first maize genome sequence and has been used extensively for analysis of genes that influence carotenoid content of maize [29, 31, 32, 36] .
NCED transcripts
In leaf tissue, where carotenoids are abundant, NCED cleavage of 9-cis-epoxycarotenoids represents the rate-limiting step in biosynthesis of ABA [3] . While NCED1 transcript accumulation is induced in roots of abiotic-stressed maize plants, ABA formation in roots is limited by biosynthesis of carotenoid precursors [32] . To assess the potential contribution of NCED gene transcripts for carotenoid degradation in different tissues under non-stressed conditions, transcript levels were quantitatively measured for the various tissues (Fig. 4) . In most tissues including leaves, NCED1 transcripts represented the most prevalent NCED transcript. NCED3a and NCED9 transcripts were also present in leaves, while roots contained equivalent levels of NCED1 and NCED3a with 60% relative levels of NCED9 transcripts. Embryos contained mostly NCED1 and $25% relative levels of NCED9 transcripts. In endosperm, transcripts of NCED1 followed by NCED9 represented the most prevalent NCED classes. However, as the endosperm approached dormancy from 20 to 25 DAP, relative levels switched between the two genes as NCED9 transcripts increase two to threefold.
CCD transcripts
CCD enzymes vary in choice of substrate and in potential apocarotenoid product [reviewed in 6, 47] . Differential expression of CCD genes combined with tissue-specific carotenoid profiles will yield a suite of apocarotenoid products depending on combinations of genes expressed. Leaves showed the highest expression of CCD transcripts, with CCD1 and CCD4a representing the most abundant transcript classes, respectively (Fig. 4) ; lower amounts of CCD4b and barely detectable levels of CCD7 transcripts were also detected in leaves. Leaves did not contain any detectable levels of CCD8a or CCD8b transcripts. In contrast to the high levels seen in leaves, the endosperm of the maize B73 inbred line had CCD1 mRNA levels that were three orders of magnitude lower. Under normal growth conditions, the prevalent CCD classes found in roots, in order of abundance, were CCD1, CCD8b, and CCD7. However, these levels were significantly lower than those found in leaf tissue. For example, CCD1 was about 30-fold lower in roots as compared to leaves. CCD1 expression in roots has been associated with formation of mycorradicin, a root apocarotenoid produced after mycorrhizal fungal colonization [48, 9] . Roots proved to be the tissue where the highest levels of CCD7, CCD8a and CCD8b were detected. The expression of CCD7 in roots was consistent with expression of orthologs in Arabidopsis, pea and petunia [17, 42, 44, 49] . Maize roots preferentially accumulated CCD8b over transcripts of CCD8a. Among the tissues sampled, CCD transcripts were least prevalent in 20 DAP embryo.
Other maize inbred lines
While the dioxygenase gene family members showed specific patterns of expression in B73, there may be variation among genetically diverse maize cultivars. Therefore, transcript levels were assessed for the NCED and CCD family members in a 10-line core set of genetically diverse maize inbred lines. These particular lines have been used for identifying control points in the carotenoid biosynthetic pathway. We previously showed that transcript levels of genes encoding several key steps in carotenoid biosynthesis correlated with carotenoid content and/or altered composition in maize endosperm [28, 29, 31, 33] . Expression in endosperm was given specific focus here since it was unknown whether there might also be variation in transcript levels of carotenoid cleavage genes that could counteract efforts to maximize levels of nutritionally targeted carotenoids in endosperm. Of all the cleavage genes analyzed, CCD1 was the only gene family member showing unusually elevated transcripts in one maize line, NC300 (Figs. 5 and 6A). The peak of CCD1 transcript levels in NC300 was at 20 days after pollination (DAP), the stage found to be a critical time point of gene expression related to endosperm carotenoid accumulation [29, 31] . In the other nine maize lines, CCD1 mRNA level ranged from $100 to 300-fold lower. Some genes lacked detectable transcripts in endosperm of the ten lines and were therefore not shown. For the five other cleavage genes shown, there was variation in expression, but not of such magnitude.
Maize CCD1 is located on Chromosome 9.07 (see chromosome locations, Table 1 ), and is linked to the white cap1 (wc1) locus for which dominant alleles exhibit reduced endosperm carotenoids (Maize Genetics and Genomics Database: http://www.maizegdb.org/). The Maize Genetics and Genomics Database provides unpublished data indicating that the wc1 locus encoding CCD1 is associated with variation in gene copy number at the locus (www.maizegdb.org). Therefore, correlation between gene copy number and carotenoid content of the 10 lines was tested. Quantitative real-time PCR was conducted using genomic DNA from each line, to establish copy number at the CCD1 locus by normalizing with PDS (phytoene desaturase), a single copy gene (as described in Materials and Methods). As shown in Fig. 6B , linear regression analysis revealed a statistically significant correlation (R 2 = 0.54 and p = 0.01) between copy number of CCD1 and carotenoid content. Of note was line NC300 with $7-8 copies of the CCD1 gene which could explain the unusually high CCD1 transcript level in that line compared to the other nine lines tested.CCD1 of maize has been shown to cleave multiple carotenoid substrates at varying positions [9, 10] . Together these results suggest that CCD1 expression may limit maize seed carotenoid content regardless of which carotenoid is preferentially accumulated, thereby posing a challenge for metabolic engineering efforts.
Conclusion
The carotenoid cleavage dioxygenase gene family was defined for three grass species in the context of phylogenetic analysis for a wide evolutionary range of plants. Gene loci and transcript profiling for maize, together with identification of homologs in nonflowering plants, provide a foundation needed for basic research and future crop improvement. Apocarotenoids contribute to valuable agronomic traits such as tillering and abiotic and biotic stress responses. However, apocarotenoid formation occurs at the expense of carotenoid accumulation. The finding that CCD1 copy number is associated with reduced endosperm carotenoids has important implications for metabolic engineering of endosperm. Since maize CCD1 is known to cleave multiple carotenoid substrates, efforts to enhance provitamin A or nonprovitamin A carotenoids could be negatively affected by presence of a high copy CCD1 allele. The PCR assay described here is a valuable new tool for identifying optimal breeding lines that are more likely to exhibit carotenoid stability in endosperm because CCD1 gene copy number will be predicted to be low. This new tool is an important component adding to other recently described tools and/or control points [28, 29, 31, 33] in a growing toolbox needed to achieve high provitamin A carotenoid endosperm in maize for combating global vitamin A deficiency.
